Abstract-This paper presents a novel technique for efficient evaluation of magnetic resonance imaging (MRI)-induced electric fields or induced voltages in the vicinity of implanted metallic leads. The technique is based on the reciprocity theorem in conjunction with the Huygens Principle. This approach allows one to decouple the micro-scale metallic lead simulation/measurement from the macro-level phantom human simulations within the MRI scanners. Consequently, the estimation of MRI-induced heating on an implanted lead, and the induced voltage on the pacemaker device can be greatly simplified. In addition, this method clearly explains the induced lead heating mechanism during MRI procedures. Several numerical examples, as well as measurement results are given to demonstrate the efficiency and accuracy of this method.
I. INTRODUCTION

I
T IS estimated that on average 100% of the U.S. population will receive one magnetic resonance imaging (MRI) exam in their lifetime. Cardiologists and radiologists have anticipated that three out of four patients with a pacemaker or defibrillator will need an MRI scan during the lifetime of their devices. However, patients currently with implanted medical devices, such as pacemakers and defibrillators, are restricted from undergoing an MRI because of serious concerns for tissue damage due to the lead tip heating, induced arrhythmias, and electromagnetic compatibility (EMC) issues [1] .
The concern for tissue damage comes from local tissue temperature increase in the vicinity of the implanted lead tip. During MRI procedures, the electromagnetic fields emitted by an RF coil penetrate into patients and interact with human tissues. If a metallic lead is present within the tissue, the induced RF signals propagate along the leads and deposit the induced energy at the lead tip electrode area, causing significant local temperature rise. Such a large local temperature increase could exceed the safety limits for surrounding tissues [2] . In some cases, the local temperature rise can exceed 30 C, which can cause instant tissue damage [3] .
To understand MRI-induced heating on the implanted metallic lead, both carefully designed experiments and advanced electromagnetic simulations were performed by various groups [4] - [23] . Experiments were mostly performed on phantoms, such as the ASTM phantom [9] - [12] and then validated using actual human or animal studies. The electromagnetic simulations were also carried out on detailed anatomical human models [9] - [16] . In particular, the transfer function concept was proposed based on the transmission line approach; however, the theoretical framework has yet to be established [13] . With recent advances in human model development, we are now able to obtain electromagnetic field distributions at millimeter resolution [24] . This provides the potential of human bodies using electromagnetic modeling to understand the in-vivo MRI-induced heating on the implanted medical devices. In [17] , simplified deep brain stimulation leads were modeled using thin wire models. However, such study is only limited to 1-mm resolution on a head model only, and it required simulations over two days. For other leads with sub-millimeter features, such direct modeling can be extremely challenging.
Therefore, even with current state-of-the-art electromagnetic modeling algorithms such as the finite-difference time-domain (FDTD) method, it is still computationally prohibitive to model the entire MRI RF body coil, the human anatomical model, and implanted metallic leads in sufficient resolution simultaneously. This is due to the dimension differences between the metallic lead, the MRI RF coil, and the human body. The dimensions of a typical MRI RF body coil are on the order of meters, while the size of the implanted lead is on the order of sub-millimeters. Therefore, to model the MRI coil, the anatomical human model and metallic lead with sub-millimeter features, significant computational resources, such as computer memory, are required, even when nonuniform meshes are applied. In addition, even if there is sufficient computer memory to accommodate the entire computational domain, the tiny mesh size used for the lead modeling limits the time-step size in FDTD simulations. For example, if one uses 0.1-mm resolution grid size to model the implanted lead, the maximum time step one can use is on the order of one-tenth of a picosecond. For MRI scanners operating at either 64 MHz (1.5T) or 128 MHz (3T), over millions of time steps are required to reach steady state. Therefore, it is very difficult to model implanted leads together with a realistic RF coil and anatomical human models practically. Consequently, only a simplified pacemaker and leads were modeled in the previous study [4] . In this paper, we propose a novel technique to efficiently evaluate implanted lead heating inside the human body when exposed in the MRI environment. Rather than performing one comprehensive electromagnetic simulation that includes the RF coil, the anatomical human body model, and the metallic lead all together, this approach performs two independent and much simplified studies. In the first step, the lead implanted inside the anatomical human model is excluded from the simulation and the incident electric field along the lead trajectories are computed. In the second step, only the implanted lead within the small volume of surrounding tissues will be modeled/measured. The electric current distribution along the lead wire is obtained by using a reciprocity approach either through modeling or measurement. As we can see in the following sections, by appropriately integrating the incident electric field and current distribution along the lead wire, we are able to accurately evaluate the induced electric field at the lead tip electrode or the induced voltage between different conductors in a much simpler way. This paper is organized as follows. In Section II, we will review the methodology associated with the proposed method. Detailed numerical and experimental examples are shown in Section III. Finally, conclusions are discussed in Section IV.
II. METHODOLOGY
A diagram representing the general induced electric field or induced voltage problem due to the arbitrary incident electromagnetic field is shown in Fig. 1 . The metallic lead is embedded in a medium that may consist of homogeneous or inhomogeneous materials/tissues. The temperature rise at the lead tip electrode depends on the electric field near the tip, e.g., . Hence, obtaining will provide sufficient information to evaluate the tip heating.
A. Applying Huygen's Principle
As stated in Section I, direct numerical modeling of the original problem in Fig. 1 is quite difficult due to the large size of the simulation domain and the tiny structure of the leads. To solve the problem, we need to separate the study into two parts. An artificial surface , which only encloses the entire lead, is chosen as shown in Fig. 2(a) . According to the Huygens principle [25] , the external incident source can be replaced by the equivalent surface current densities and defined as where and are the incident fields on the artificial surface . The original problem can be further reduced to Fig. 2(b) by considering the outside material to be air or free space. This indicates that we can obtain using two consecutive steps, which are as follows. 1) By excluding the lead, which allows the use of a coarse mesh. The initial and on the surface can then be obtained and transformed to the incident current sources in (1) and (2) for the problem in Fig. 2(b) . 2) By applying the calculated equivalent sources and , and a fine mesh inside the enclosed surface , which allows the detailed modeling of the lead and the lead tip, we are able to calculate in a much smaller simulation domain than the original problem in Fig. 1 . This approach is particularly referred to as Huygens sub-gridding for the FDTD method [26] and it may work very well with the straight lead. However, a lead usually has complex tiny structures such as a helix so that the efficiency of this method decreases dramatically. Furthermore, to obtain , when the lead is placed at arbitrary location, we need to calculate the incident fields for each box at different locations.
B. Applying Reciprocity Theorem
To efficiently evaluate , the reciprocity theorem is applied here. Two sets of sources , and , excited individually, which produce fields , and , , are used. As shown in Fig. 3 , the equivalent surface currents and are considered as the source of the first scenario of and , and the small current source placed at the lead's tip is considered as the source for the second scenario as . Since no magnetic current source is applied at the lead's tip, is zero. The relationship between the sources and generated fields can be expressed as (3) where the external incident field is represented by the equivalent surface currents , and a current source is impressed at the lead tip electrode. The tangential fields and , due to the impressed source , on the same artificial surface are then calculated. Once , ,
, and are known, we are able to calculate by rewriting (3) to (4) where the right-hand side is reduced to the surface integral due to the fact that and are surface currents on . Furthermore, the current source is represented as a small dipole edge source at the tip electrode, and (4) can then be reduced to (5) where is the length of the current dipole source . Finally, can be calculated by (6) Solving in Fig. 3 (b) directly using (5) seems as difficult as solving in Fig. 2(b) . However, if we choose the artificial surface to be the lead itself, as in Fig. 4 , the integration of will approach to zero as long as the lead is made of high conductivity material. For the second term, by applying Amperes Law of and , the right side of (6) reduces to a line integral along the lead trajectory. Finally, the calculation of in Fig. 4 can be written as a function of a line integral of the incident field and an induced current over the lead trajectory 
where can be found from a simulation without the tiny leads and is calculated or measured after impressing a small dipole source at the lead tip electrode, as shown in Fig. 4 . As we can see in this new two-step approach, the external source influence has been successfully decoupled from the characteristics of the lead that is represented by the term . This decoupling procedure can be regarded as the first advantage of this method. By further inspection of (7), we find it quite similar as the integration formula proposed in [13] , which is known as the transfer function method. However, there are actually three major differences between these two methods. 1) The integration formulas are derived from different physical interpretations. The transfer function method is based on the transmission line assumption while the method proposed here uses basic physical laws. As a result, the transfer function in the line integral formula is replaced by the term here. 2) Different excitation methods are used to find and . The transfer function method requires to apply a discrete local element source at discrete positions on the lead trajectory for multiple times while this method only needs to apply a finite dipole source at the tip electrode. 3) In the transfer function method, the scattering field is finally calculated while in this method, the total field is computed.
The pacemaker leads characteristic extraction is decoupled from the actual human/phantom simulations by (7) . From this derivation, the estimation of the induced electric field on the leads are divided into two steps, which are: 1) the characterization of the lead and 2) the calculation of the incident fields along different possible lead pathways inside the phantom/human models without the actual leads. Once these two steps are finished, the induced electric field from the leads along different lead pathways can be immediately evaluated using (7). For example, if one needs to evaluate the induced electric fields for a pacemaker lead along different pathways, this approach only requires one lead characterization to obtain the and one phantom/human body simulations (to determine the electric fields along different pathways). The induced electric fields can be evaluated immediately along all pathways. However, if the conventional approach is used, then electromagnetic simulations shall be performed in order to capture the induced electric fields along these pathways.
III. NUMERICAL EXAMPLES AND EXPERIMENTAL VALIDATIONS
To validate our proposed approach, both numerical modeling and experimental measurements are used. In both approaches, the transfer function should be obtained first through either simulation or measurement. The incident fields along different lead paths are then obtained through simulations. The transfer functions are integrated with the incident field following (7) to obtain the induced electric field. It should be pointed out that typical pacemaker leads have a very complex structure and it is not possible to obtain their transfer functions via simulations. Therefore, in the numerical modeling validation, only simple straight wires are used to demonstrate the effectiveness of our approach.
A. Numerical Validation
In numerical validation, in-vitro testing examples are developed and the two-step simulation discussed above is to be performed. First, we use a numerical approach to obtain the transfer function of simple wires by calculating the current distribution along the lead path. A small electric dipole source is placed at the lead tip as the excitation. Due to the conductivity loss of gel, the electric field decays very rapidly away from the metallic lead. This implies it is actually not necessary to include the MRI RF coil and the full ASTM phantom in this step. In our study, the simulation domain is reduced to a rectangular solid containing the same saline material with a size of only 18 cm 18 cm 90 cm. The perfectly matched layer (PML) boundary conditions are applied on its six sidewalls to truncate the FDTD simulation domain. Four different lead lengths are evaluated:
cm, cm, cm, and cm, respectively. The metallic leads are modeled using the thin wire models. With this significant reduction of domain size, the minimal mesh grid size used can be much smaller than that in the second simulation, which makes it possible to model the complex lead details. This is the second advantage of our method. In the simulations, the saline has an electrical conductivity of 0.448 S/m and a relative permittivity of 80 at 64 MHz (1.5T). In all simulations, nonuniform meshes were used. In the vicinity of the wires, the mesh size is on the order of millimeters. The mesh size increases for the regions that are away from the wire. The maximum mesh size is limited within 5 mm.
In all simulations, the current distribution is calculated using on an arbitrary closed loop around the lead cross section. With the knowledge and assumptions discussed above, the simulated magnitudes and phases of induced on these four different leads are plotted in Fig. 5 . To simplify the simulations, we choose to be 1A. Once the transfer functions are obtained, the incident fields along different pacemaker lead paths shall be evaluated. Here, a low-pass birdcage coil shown in Fig. 6 was first built as an MRI RF transmitting coil. The birdcage RF coil consists of 16 rungs, and each rung has a length of 65 cm. The diameter of the end rings is 63 cm. The coil is surrounded by a metallic shield with a diameter of 75 cm and a height of 128 cm. A phantom model described in ASTM F2182-11a [28] is then put inside this coil. The dimensions of the ASTM phantom are shown in Fig. 6 . In all simulations, the quadrature excitation mode was used to excite the coil with the excitation location at the center of the rung. The input power of from the coil is normalized to the 2W/kg whole-body-averaged specific absorption rate (SAR) inside the phantom.
In our FDTD simulation, to obtain -field in phantom, a uniform mesh grid size of 15 mm was chosen along the -, -, and -directions. The simulated electric field inside the phantom is shown in Fig. 6 . The field closely conforms to the phantom profile. The field strength drops significantly from the edge of the phantom to the center of phantom. The electric field obtained in this step is regarded as the incident field in (7). In the following sections, 17 different lead configurations placed inside the ASTM phantom are studied to validate our proposed approach.
1) Straight Lead Group:
First we investigate the straight leads configuration. Three different lead lengths, L1, L2, and L3 as shown in Fig. 8 , are investigated. These leads are also placed at different locations inside the phantom. The first lead is vertically placed in the phantom 4.5 cm (P1) away from the left side of the phantom. The second and the third leads (P2, P3) are moved 7.5 and 15 cm toward the center of the phantom, as shown in Fig. 8 . Each position and length, (denoted in Fig. 8 as a circle) , was estimated by (7) . For validation, we compare our method with the conventional FDTD method to directly calculate for all nine cases. In these direct calculations, nonuniform meshes must be used. In the vicinity of the wires, the mesh size is on the order of millimeters. The mesh size increases for the regions that are away from the wire in order to make the problem solvable on regular computers. The maximum mesh size here is limited to 10 mm.
For the reciprocity approach, we use the currents , shown in Fig. 5 , together with the incident electric field , shown in Fig. 7 , to obtain for all the positions shown in Fig. 8 .
Comparisons are given in Table I . We found for all groups that the maximum error is only 4%. By further inspection, it can be seen for all three groups, the largest induced electric field is always at the P1 location and the smallest induced electric field is always at the P3 location. This phenomenon has been confirmed by the measurements in [9, Figs. 4(a) and 5(a)-(c)] and can be explained by inspecting the right side of (7). Considering current distributions almost identical, the tip electrode field will only rely on the strength of the local incident field. In Fig. 6 , it is known that the electric field polarized along the vertical direction has the minimal values in the center region of the phantom. Therefore, the inner product of this low incident field with produces the smallest value at P3. Finally, the tables show that the shortest line generates greater electric field than those from and . This indicates that the longer lead does not necessarily generate greater due to possible phase cancellation effect.
2) Bended Lead Group: The second set of leads configuration considered here is to bend the upper and lower one-third of the straight lead in Fig. 8(a) into the horizontal directions to form a U-shape line, as shown in Fig. 9(a) . In Fig. 9(b) , we extended the lead at the P3 position in Fig. 9(a) by 15 cm towards the shoulder region of this phantom to make it longer.
Again, is calculated by both direct simulation and the reciprocity approach, and the results are shown in Table II . Although the induced on at P3 has the smallest value due to very small over that area, changing its length by only 15 cm produces a much higher field in Table II . This is due to the field pattern in Fig. 7(a) . The top shoulder region has very strong horizontal direction of to interact with .
B. Experimental Studies
In addition to performing the numerical studies above, experimental measurements were also carried out. In the experiments, the induced voltages at the ends of the devices were evaluated using the proposed method. The transfer function is measured first and then combined with the simulated incident field to estimate the induced electric field. The Medical Implant Test System MITS 1.5 (Zurich MedTech ZMT, Zurich, Switzerland), illustrated in Fig. 10 , was used to emulate the RF exposure of the implant in MRI scanners. The system consisted of a 64-MHz birdcage coil that can be operated both in the linear and quadrature modes. A rectangular phantom was used in the measurement, as shown in Fig. 11 .
The measurement validation was performed on two different wire structures, a four-wire cable and a coaxial cable. In each validation test, the induced voltages were found through direct measurement and the reciprocity approach. Nine configurations as shown in Fig. 12 inside the phantom were used to evaluate the accuracy of this method. One set of lead paths was parallel to the phantom sidewall along the -direction, and the other two lead path sets were U-and L-shaped paths to emulate conventional pectoral insertion and the sub-clavian lead insertions. Each set of lead paths consisted of three different offsets in the described configuration. The incident electric field distribution shown in Fig. 13 is extracted from simulation.
The four-wire cable investigated in this study is shown in Fig. 14. The length of the wire is 48 cm. Each wire is insulated from each other, and all these wires are encapsulated inside an outer insulator. A 3.6-resistance is connected at one end of the cable between the two leads to model the pacemaker device CAN impedance. An SMA port is also connected to pick the induced voltage. The waterproof clay covered both the SMA port and the resistance.
The transfer function (common mode current distribution) of the four-wire cable is shown in Fig. 15 . The transfer function obtained here is substituted into (7) together with the incident fields along nine different trajectories to estimate the induced voltage. Direct measurement was also performed by placing the four wires leads inside the ASTM phantom along the nine trajectories shown in previous figure. Fig. 16 shows the comparison between the directly measured and predicted results. As shown in the figure, the directly measured and predicted induced voltages match with each other very well. The largest induce voltage is about 0.5 V in S1 trajectory. The percentage error of the induced voltages on all trajectories is less than 20%.
In the second measurement validation, the induced voltage between the inner and outer conductor of a coaxial cable is studied as shown in Fig. 17 . The same as the four-wire cable test, the length of the coaxial cable is also 48 cm. To model the pacemaker leads, which usually are covered by a plastic layer, the entire coaxial cable is covered by waterproof tape. The outer conductor was left off at one end of the coaxial cable. The other end of the coaxial cable is connected to an SMA port. A 3.6-resistance is also connected between the inner and outer conductor to emulate the pacemaker device CAN impedance. The SMA connector, as well as the resistance were covered using clay during the measurement under the saline.
The transfer function of the coax structure is shown in Fig. 18 , the same phantom as well as the pathway was used. Therefore, the same incident field is applied to the coaxial cable. Fig. 19 shows the comparison between the measured and predicted results. As show in the figure, the largest induced voltage also appeared in the S1 trajectory. All the induced voltages for nine trajectories were consistent in both measured result and predicted result. The percentage error of the induced voltages on all trajectories is less than 20%.
By further examining (7), we deduce a very useful rule of thumb: the less energy is coupled from the tip electrode excitation onto the lead, the smaller is to be produced at the tip electrode. This implies that we can find ways to increase the transmission loss on the lead for a better MRI-compatible lead. Hence, this proposed method can be used as a testing procedure to investigate the effectiveness of newly developed MRI-compatible leads.
As discussed in Section I, it is computationally prohibitive to perform a complete lead, phantom/human subjects, and RF coil simulation all together even with the state-of-the-art electromagnetic modeling tools. This novel approach decouples the simulation/measurement of the lead characteristics from the human/phantom simulation. In this two-step procedure, one can carefully investigate the characteristic behaviors of the pacemaker leads using either simulation or measurement methods. Such information can be combined with conventional human/phantom simulation results to estimate induced electric field for any lead trajectories. This is an practical technology that allows device manufactures to accurately estimate the induced electric field from the lead along any possible trajectories inside the human subject. It will lead to significant advancement in the MRI labeling area.
IV. CONCLUSIONS
In this paper, a novel approach to evaluate the MRI induced tip electrode electric field is proposed. Using the reciprocity theorem and the Huygens principle to de-couple the simultaneous simulation of the implanted lead, this approach significantly improves the efficiency of electromagnetic modeling.
Examples are used to demonstrate the efficiency and accuracy of the proposed approach. The results indicate that the characteristics of an implanted lead , as well as the incident electric field generated by the RF coil both have a significant impact on of the implanted lead or induced voltage between different leads.
